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Between 1999 and 2002, a former open-cast mine was ﬁlled with river water forming the recent Lake
Goitsche. During ﬁlling initially acid water was neutralised. Phosphorus (P) imported from Mulde River
was nearly completely removed from the water column by co-precipitation with iron (Fe) and
aluminium (Al) and deposited in the sediment.
During extremely high waters of the Mulde River in 2002, a dike breach facilitated a second high
import of P into Lake Goitsche with suspended and dissolved matter. The analysis of total phosphorus
(TP), however, showed that P again had been eliminated from the water body a few months after the
ﬂood event. Sediment investigations before ﬁlling with river water, during ﬁlling, and after the ﬂood
event were used to analyse the process of P immobilisation in a lake with acid mine drainage history.
The ratios of Fe to soluble reactive P (SRP) of sediment pore water were up to three orders of
magnitudes higher than in natural lakes and can serve as an indicator for potential internal P loading
from sediments. The SRP concentrations at the oxic/anoxic boundary were near or below the limit of
quantiﬁcation (o 0.2 mmol/L). Fe and manganese (Mn) redox cycling were responsible for hindering P
dissolution from sediment to lake water.
Finally it can be stated, that the risk of eutrophication for such a lake seems to be low.
& 2009 Elsevier GmbH. All rights reserved.1. Introduction
Pit lakes are of growing importance as resources for diverse
use and due to their increasing number (Miller et al., 1996; Castro
and Moore, 2000; Klapper and Geller, 2001; Stottmeister et al.,
2002). In the eastern part of Germany, the diversion of river water
is the main way to create about 120 new pit lakes, which have
been formed in former lignite mines in recent years. A rapid ﬁlling
with river water has been found to be by far the cheapest way to
limit or even to prevent acidiﬁcation and to stabilize side walls of
mining voids. However, river water often carries phosphorus (P)
loads that sufﬁce to put lakes at risk of eutrophication (Schindler,
2006; Schulz and Bischoff, 2008).
Previous investigations indicated that the eutrophication had
occurred only in few pit lakes, which were ﬁlled with river waterH. All rights reserved.
x: +49 391 8109 150.
sprung).
—UBA, Laboratory for Water
Boettgerstrasse 2-14, 65439(Schultze and Klapper, 2004). In most cases, the P from the river
water was co-precipitated with Fe and Al (Duffek and Langner,
2002). Possible P remobilization due to reductive dissolution of Fe
minerals in the sediment poses the question of the long-term
perspective when gradual wash out of the Fe sources, e.g. in
overburden dumps, limit the availability of Fe (Kleeberg and
Gru¨neberg, 2005).
In general the P release from lake sediments into the lake
water is controlled by two main pathways: (i) remobilisation
from the sediment particle surface at the contact phase with the
lake water and (ii) sediment pore water ﬂux into the lake water.
The pore water composition itself is a sensitive indicator of
involved processes and the P release (Boers and De Bles, 1991;
Eckerrot and Petterson, 1993) and the dissolved Fe:P ratio (further
Fe:SRP ratio; SRP–soluble reactive P) in pore waters is reported to
act as an indicator of P release to overlying oxic water (Lehtoranta
and Heiskanen, 2003; Zak et al., 2004)). Furthermore the capacity
of sediment surface to retain P is strongly linked to Fe species and
their mobility (Roden and Edmonds, 1997).
Flood events are often accompanied by enormous transport of
suspended and dissolved matter. When entering a lake, most of
the suspended material settles on the lake bottom. In August
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2005). Beside arsenic and heavy metals (Klemm et al., 2005), there
was a high import of P into this pit lake.
Based on the conception that the P cycling depends on the high
Fe budget in sediments originating from the former lake
acidiﬁcation by pyrite weathering the purposes of the study were
(i) to investigate the impact of the ﬂood on the chemical
composition of the sediment pore water, (ii) to evaluate the
Fe:SRP ratios in sediment pore water of Lake Goitsche as an
indicator for the stability of P-binding in the sediment and (iii) to
identify mechanisms for efﬁcient P-ﬁxation at the sediment–
water interface of a ﬂooded mine pit lake.
1.1. Study area
The open-cast lignite mine Goitsche near Bitterfeld (Germany;
Fig. 1) was operated from 1949 to 1991. From 1991 to 1999, the
residual void was prepared for ﬁlling with water from River
Mulde. Small water bodies formed in the deepest depressions of
the void due to rising groundwater, precipitation and surface
runoff.
Due to local geological conditions, the mining void consisted of
three sub-basins referred to as Muehlbeck, Niemegk and Doebern.
Differences of the geochemical composition of the soils resulted in
differing chemical conditions in the water bodies at the bottom of
the sub-basins: the water in the sub-basins Muehlbeck and
Niemegk was acidic, while the water in sub-basin Doebern was
neutral although high concentrations of sulphate indicated the
occurrence of pyrite oxidation in this sub-basin, too (Kringel et al.,
2000; Gru¨tzmacher et al., 2001).
The geochemistry of initial water bodies at the bottom of the
sub-basins Niemegk and Doebern was investigated by Langner
(2001). The regular ﬁlling with river water started in May 1999
and was stopped at a water level of 71.5 m above sea level in
spring 2002. During ﬁlling, chemical stratiﬁcation accompanied
the thermal stratiﬁcation at times. Finally, monimolimnia formed
at two sites (Boehrer et al., 2003). After neutral conditions were
reached in Lake Goitsche in 2001 and further ﬁlling until spring
2002, more than 90% of the imported P was deposited in the
surface layers of the lake sediment (Schultze and Geller, 2004).
The elimination of P by co-precipitation with Fe and Al duringFig. 1. Study area of Lake Goitsche with pore water sampling sites. The bathymetricﬁlling and the P species in solid material were described by Duffek
and Langner (2002).
In August 2002, a ﬂood from River Mulde entered Lake
Goitsche as the result of a dike breach. The water level was
raised from 71.5 to 78.5 m above sea level within two days but
lowered again to its ﬁnal state of 75 m above sea level in late fall
2002 (ﬁnal lake surface 13.3 km2, ﬁnal lake volume 213 106 m3).
The ﬂood caused an import of more than 4.3 t P into Lake
Goitsche, which was more than twice of the P stock in June 2002
(1.7 t) or in August 2003 (2.1 t).
The investigated sampling sites represent different parts of the
profundal of Lake Goitsche: at site M3, a small new sediment layer
with 1–2 cm thickness had been formed during the ﬂood. This site
is representative for about 99.5% of the sub-basins Muehlbeck and
Niemegk (about 60% of lake area). Site N3 represents a small
region (about 0.3% of lake area) with permanently anoxic bottom
water before and after the ﬂood event and, like M3, with a thin
ﬂood caused sediment layer (Boehrer et al., 2003). The sites D5
and D6 are representative for subbasin Doebern which was
covered with a thick new sediment layer after the ﬂood event (up
to 5 m thickness; about 40% of lake area) (Boehrer et al., 2005).
The main characteristics of the three sampling sites are summar-
ized in Table 1. Further details of the ﬂood and its effects
regarding arsenic and heavy metals are described by Klemm et al.
(2005). The sampling site was changed in subbasin Doebern after
the ﬂood due to the formation of the new thick and relatively
uniform sediment layer by the ﬂood.2. Methods
2.1. Pore water and lake water sampling
Sediment cores were obtained with a gravity corer (UWITEC,
Mondsee, Austria) and sampled at the deepest points in the sub-
basins Muehlbeck, Niemegk and Doebern (sampling sites M3, N3, D5
and D6, see Fig. 1). Immediately after collection, the cores were
transferred into a glove box with an oxygen-free argon atmosphere,
sliced in 1–2 cm thick layers and transferred into 50mL polyethylene
centrifuge tubes. In the laboratory the samples were homogenised,
and pH values were measured with electrodes (ORION). The samplesmap of Lake Goitsche shows the situation after the ﬂood event of August 2002.
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Table 1
Main characteristics of the three sub-basins under consideration.
Sub-basin Muehlbeck Niemegk Doebern
Sampling site M3 N3 D5, D6
Depth of sampling site 21.9 m (July 2002) 41.3 m (July 2002) 44.1 m (D5, July 2002)
25.4 m (2003) 44.8 m (2003) 44.3 m (D5, 2003)
40.0 m (D6, July 2002)
Maximum depth of subbassin 21.9 m (July 2002) 44.7 m (July 2002) 44.1 m (July 2002)
25.4 m (2003) 48.2 m (2003) 44.3 m (2003)
Mixis Monomictic Meromictic Monomictic
sediment after ﬂood event o10 cm o10 cm 45 m
Sediment–water contact zone Anoxic/oxic (2002) Anoxic/anoxic (2002) Anoxic/oxic (2002)
Anoxic/oxic (2003) Anoxic/anoxic (2003) Anoxic/oxic (2003)
Fig. 2. Variation of TP concentration in the epilimnion of Lake Goitsche during
ﬁlling and after the ﬂood event.
Table 2
Chloride concentrations of the lake water about 5 cm above the sediment surface
(mmol/L).
June 2002 August 2003
M3 1.23 0.87
N3 1.41 4.65
D5/6 1.24 0.85
P. Herzsprung et al. / Limnologica 40 (2010) 182–190184were centrifuged for 20 min at 4000 rpm. The supernatant was
passed through 0.45 mm cellulose acetate ﬁlters.
Water samples from the epilimnion were taken with a 3.5 L
sampler from Limnos (Finland). Lake water samples close to the
sediment surface were taken with syringes from the water
column inside the corer about 5 cm above the surface of the
sediment. The lake water samples were also passed through
0.45 mm cellulose acetate ﬁlters.
2.2. Analytical methods
The chemical analysis of pore waters was described in detail
by Herzsprung et al. (2006). Brieﬂy, Fe2+, NH4
+-N, soluble reactive
P (SRP), Si, and NO3
-N were analysed photometrically by
continuous ﬂow analysis (SKALAR, The Netherlands). Total
dissolved Fe, Al, Mn, Ca, Mg, Na, and K were analysed by ICP-
OES (Perkin Elmer, USA). SO4
2 and Cl were analysed by single
column ion chromatography (GAT Analysentechnik, Germany).
The same analytical methods were applied for analysis of SRP and
Cl in lake water samples, except the dilution before analysis. In
sediment pore water samples, the limit of quantiﬁcation (LOQ) of
SRP was 0.1 mmol/L times dilution factor and that of total
dissolved Fe was 0.2 mmol/L times dilution factor.
For analysis of sedimentary Al, K, Mg, Ca, Fe, and Mn dried core
samples were digested with aqua regia following the National
German Standard Methods (DIN 38414-7). The measurements of
these elements were performed using the ICP-OES technique.
Sedimentary P was determined as described by Ro¨nicke et al. (2008).
2.3. Calculation of Fe:SRP molar ratio in pore waters
The molar ratio of Fe:SRP was calculated for each sediment
depth, where both Fe and SRP had been measured above LOQ. All
pairs of values from all sediment sampling data (all depths) and
all sampling sites were evaluated. There was no data pair with Fe
below LOQ and SRP above LOQ. The minimum, maximum, and
median values for the ratio of Fe:SRP were calculated from each
pore water proﬁle. To condense data, in some cases the Fe and SRP
values of several sediment cores were pooled. That means, the
overall Fe:SRP maximum of Fe:SRP maximum values originating
from different sediment cores was calculated and accordingly the
overall minimum and median. Pooling is indicated in Table 4 by
speciﬁcation of the number of cores.3. Results
3.1. Lake water
The investigation of TP and SRP in pelagic water of Lake
Goitsche describes the import of P by the ﬂood event and thesuccessive elimination of P. Fig. 2 shows the development of TP
with minimum values less or near LOQ at the end of the regular
ﬁlling and several months after the ﬂood event. In contrast, the TP
values were signiﬁcantly elevated at the ﬁrst sampling time after
the ﬂood event. The concentration of SRP (epilimnion, data not
shown) increased from levels with less LOQ (0.1 mmol/L) to levels
of more than 0.16 mmol/L in all sub-basins initiated by the ﬂood
event and declined after about four months again to levels with
less LOQ.
Table 2 shows the results of analysis of chloride in the lake
water close to the sediment in June 2002 and in August 2003.3.2. Pore waters and sediments
At sampling site M3, sediment pore water concentrations of
NH4
+-N, Ca, total dissolved Fe, SO4
2 , and SRP increased with sediment
depth before and after the ﬂood event (Table 3, Fig. 3). While the
existence of concentration gradients kept unchanged after the ﬂood
event, the level of total dissolved Fe and SO4
2 concentrations
decreased slightly. The level of SRP concentration remained
unchanged (Fig. 3). The vertical course of the Mn pore water
proﬁles peaking near the sediment–water interface was equal
before and after the ﬂood event. The Fe:SRP ratios in pore water
were quite similar before and after the ﬂood event (Table 4). From the
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Table 3
Pore water chemistry of Lake Goitsche sediments.
Flood
event
Sampl.
site
Depth
(cm)
Acidity
(mmol/L)
pH SRP
(mmol/L)
HCO3
 Al Fe SO4
2 NH4
+ Ca2+ Mg2+ Na+ K+ Mn2+ Cl
Before M3 0–1 – – o0.0002 – o0.02 0.005 3.2 0.093 2.9 0.83 1.7 n.d. 0.14 n.d.
17/6/02 11–13 +11.8 – 0.0004 9.0 o0.02 10.3 9.9 0.41 2.8 0.59 1.5 0.56 0.045 1.26
After M3 0–1 0.5 6.4 o0.0002 1.0 o0.02 0.003 2.3 0.086 1.8 0.48 1.0 0.29 0.19 0.81
19/8/03 11–13 +7.5 5.9 0.0005 6.8 o0.02 7.1 8.3 0.29 3.5 0.55 1.2 0.43 0.051 0.94
Before N3 0–1 +58 – 0.0018 8.4 o0.02 33 42 1.4 8.4 2.9 3 0.73 0.11 1.6
18/6/02 11–13 +139 – 0.0063 7.1 o0.02 73 87 2 10.6 4.5 3.4 1.3 0.089 2.0
After N3 0–1 +157 6.5 0.0044 8.4 o0.02 82 94 4.1 10.2 3.8 3.0 0.85 0.12 4.6
18/8/03 11–13 +181 6.2 0.0051 5 o0.02 93 108 4.6 11.8 3.6 3.5 0.77 0.06 4.8
Before D6 0–1 0.2 – o0.0002 0.4 0.03 o0.001 4.3 0.086 3.2 0.84 1.7 0.27 0.08 1.3
18/6/02 11–13 +5.4 – o0.0002 4.6 o0.02 5.0 10.8 0.29 6.1 1.3 2.1 0.28 0.025 1.3
After D5 0–1 2.2 6.7 o0.0002 2.7 o0.02 o0.001 2.2 0.093 2.4 0.63 1.1 0.22 0.24 0.87
18/8/03 11–13 10.8 6.6 0.0055 15 o0.02 1.9 3.4 0.27 6.7 1.6 1.3 0.24 0.19 0.83
HCO3
 was calculated as follows:
HCO3
E2 [Fe2+]+2 [Ca2+]+2 [Mg2+]+[Na+]+[K+]+2 [Mn2+]+[NH4
+] - 2 [SO4
2]–[Cl]
Protons, nitrate, ﬂuoride, and [Al3+] were neglected. It is assumed that total iron measured by ICP-OES approximates the ferrous iron concentration.
n.d.–no data.
Acidity=[Cl]+[F]+2 [SO4
2]+[NO3
]—[Na+]—[K+]—2 [Ca2+]—2 [Mg2+]—[NH4
+].
The concentrations of ﬂuoride and nitrate were negligible calculating acidity and ionic balance in pore water.
P. Herzsprung et al. / Limnologica 40 (2010) 182–190 185sedimentary data the peak concentration of Mn in the uppermost
sediment layer must be emphasized (Table 5).
The sediment of site N3 is quite different from that of the other
two sampling sites, since site N3 represents one of the two
monimolimnia of Lake Goitsche. At site N3, the ionic strength and
SRP and total dissolved Fe concentration in pore water were much
higher than at the other two sampling sites as shown by Table 3
and Fig. 3. Only a very small Mn peak was found in pore water
(Fig. 3). Furthermore, the peak Mn concentration of solids was not
signiﬁcantly elevated in the uppermost sediment layer compared
to the other two sub-basins.
The new sediment layer at sampling site D5 was characterised by
a signiﬁcant change of vertical course of SRP pore water proﬁle after
the ﬂood event. Pore water Mn peaking was observed like at site M3.
The concentration of hydrogen carbonate as calculated from Table 3
in sub-basin Doebern pore water arose after the ﬂood event and
exceeded that of site M3 at comparable sediment depths in 2003.
The minimum, median, and maximum values of Fe:SRP in the
new arisen sediment of sub-basin Doebern were small compared
to those in Doebern sediments before the ﬂood event and
compared to those in all sediments of the other two sub-basins
before and after the ﬂood event.
The chemical composition of the solid phase of the newly
formed sediment layer in sub-basin Doebern was more homo-
genous compared to the other two sampling sites. This was
conﬁrmed by sedimentary concentrations of Ca, Mg, Na, and K (Na
and K data not shown), which are assumed to participate only
marginally in biogeochemical reactions.
The peak concentration of solid phase Mn in the uppermost
sediment layer (Table 5) was observed in sub-basin Doebern and
at site M3 in all investigated sediment cores before and after the
ﬂood event.4. Discussion
4.1. Changes in pore water composition
The chloride (Cl) concentrations in the lake water (Table 2) and
in the pore water (Table 3) indicate an exchange of pore water
between June 2002 and August 2003 because Cl can be considered
to be a non-reactive tracer without sources in the sediment (e.g.soluble Cl bearing minerals or considerable amounts of Cl present
at the surface of sediment particles due to adsorption or ion
exchange). At sampling site M3, the decrease in Cl concentration
can be explained by a replacement of pore water by lake water. In
June 2002 and again in August 2003, the concentrations of Cl in the
pore water were in the range of the lake water concentrations
(E1.25mmol/L orE0.85mmol/L, respectively; Tables 2 and 3).
Concentration proﬁles found in November 2002 and in April 2003
(data not shown) suggest that the exchange required some months.
Accordingly, the changes in the concentrations of other substances in
the pore water of M3 and in the shape of concentration proﬁles have
to be considered not only as the result of biogeochemical reactions
and of diffusion in the sediment but also as a consequence of the
replacement of initial pore water by lake water. However, the
concentration gradients of pore water proﬁles indicatemobilization of
SRP, Fe, SO4
2 and Mn (Fig. 3).
The increase in Cl concentrations at site N3 (Table 3) can be
interpreted as an inﬂow of groundwater into the lake as already
concluded from stratiﬁcation observation by Boehrer et al. (2003).
The increase in Cl concentrations in the pore water and in the
monimolimnion above the sediment (Tables 2 and 3) suggest a
stronger inﬂow of groundwater in August 2003. This stronger
inﬂow of groundwater in August 2003 is probably a part of the
general changes in the groundwater ﬂow regime in the vicinity of
Lake Goitsche after the ﬂood, which was described in detail by
Wycisk et al. (2005) for the area north of Lake Goitsche. The Cl
concentrations in the pore water and in the monimolimnion at
site N3 in August 2003 agreed well with each other and were in
line with the Cl concentrations of the groundwater at the
western edge of subbasin Niemegk (3.75–6.79 mmol/L; Trettin
et al., 2007), indicating inﬂow of water from the aquifer below the
excavated lignite from western direction. According to Knorr and
Blodau (2006), the assumption of groundwater inﬂow is also
supported by the almost vertical shape of the concentration
proﬁles (Fig. 3). A mobilization can clearly be deduced only for Mn
in the upper part of the sediment in August 2003 (Fig. 3).
At sampling sites D5/6, the Cl concentrations in the pore
water were in the range of the lake water concentrations in June
2002 (1.24–1.3 mmol/L) and again in August 2003 (0.85 mmol/L)
(Tables 2 and 3), similar to site M3. In contrast to site M3, Cl
concentrations of pore water are available for June 2002 and
August 2003 only, but not for the period in between. Therefore,
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Fig. 3. Pore water concentrations of SRP, total dissolved Fe, SO4
2 , and Mn at different sampling sites before (6/02, black symbols) and after (8/03, open symbols) the ﬂood
event. In sub-basin Doebern, sampling site D6 was used in June 2002 (6/02) and sampling site D5 was used in August 2003 (8/03).
P. Herzsprung et al. / Limnologica 40 (2010) 182–190186two alternatives exist explaining the decrease in pore water
Cl concentrations: (i) there is a ﬂow of lake water into the
sediment as described for site M3. (ii) lake water was enclosed in
the forming sediment during the ﬂood in August 2002 and altered
only by biogeochemical reactions and diffusion in the sediment
later on. Checking of the second interpretation would require
Cl concentration data for the lake water during the ﬂood. Such data
are not available. Taking the hypolimnetic Cl concentration of
subbasin Doebern at site D5 from August 29, 2002 (0.84 mmol/L,
measured as part of the basic lake monitoring program in samples
taken with the Limnos sampler) as an approximation for the water
quality during the ﬂood, the second interpretation is still possible.
Therfore, no ﬁnal decision between the two alternatives can be given.
However, the SRP concentration proﬁle of the pore water clearlyindicates a mobilization of SRP between 3 and 8 cm sediment depth
(Fig. 3). The concentration proﬁles of Mn suggest a mobilization of Mn
in the upper part of the sediment before and after the ﬂood and, in
addition, in the deeper part of the sediment in August 2003 (Fig. 3).
The mobilization of Fe and SO4
2 was much smaller in August 2003
than in June 2002, probably due to the different origin and
composition of the sediment before and after the ﬂood.
The different ﬂow directions between lake water and pore
water at the three sampling sites can be explained by the
complicated groundwater system around and below Lake
Goitsche. It is characterised by the occurrence of special structural
elements like local depressions in almost all geological strata
caused by subrosion in deeper salt deposits, Quaternary channels
cutting deep into the Tertiary strata including the lignite seam,
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Table 4
Dissolved Fe:SRP molar ratios in sediment pore waters from lakes of different trophic status.
Lake Sampling date Trophic statusa pH-statusa Formation MINbFe:SRP Median Fe:SRP MAXbFe:SRP Ref.c
M3 before ﬂood event 24/10/00 – – mining 3600 (0–1) 12,000 15,000 (5–7) X
17/6/02 ol N mining 5500 (3–4) 17,000 25,000 (11–13) X
M3 after ﬂood event 18/8/03 ol N mining 5700 (4–5) 15,000 15,000 (7–9) X
N3 before ﬁlling (4 cores) 1997, 1998 eu Ac mining 460 (2–3) 17,000 26,000 (5–6) [1]
N3 before ﬂood event (2 cores) 17/6/02 ol N mining 2500 (29–31) 18,000 21,000 (15–17) X
N3 after ﬂood event 18/8/03 ol N mining 16,000 (2–3) 18,000 20,000 (23-25) X
D5 before ﬁlling (4 cores) 1997, 1998 ol N mining 460 (1–2) 10,000 20,000 (18–21) [1]
D6 before ﬂood event 18/6/02 ol N mining 5200 (25–27) 8200 13,000 (13–15) X
D5 after ﬂood event 18/8/03 ol N mining 7 (1–2) 270 530 (17–19) X
Lake 117 ol Ac mining 2400 (18–30) 19,000 21,000 (2–3) X
Lake 111 (9 cores) ol Ac mining 110 (25–28) 5500 16,000 (15–18) X
Lake 107 me Ac mining 1400 (10–11) 3800 18,000 (3–4) X
Lake 112 ol Ac mining 330 (18–20) 590 2300 (0–0.5) [2]
Golpa IV eu N mining – – 4 [3]
Lake Auensee eu N gravel pit – – 0.4 [4]
Lake Arendsee eu N natural – – 0.05 [5]
Lake Mu¨ggelsee eu N natural 0.5 0.8 3 (29–30) X
Lake Schliersee me N natural 0.08 (0–1) 0.8 7 (27–28) [6]
Lake Spitzingsee me N natural 5 (0) 36 68 (13–14) [6]
Lake Lustsee ol N natural 1.7 (23–24) 3.5 11(5–6) [6]
Lake Zeller See ol N natural 16 (3–4) 45 230 (0-1) [7]
a ol: oligotrophic; me: mesotrophic; eu: eutrophic; N: neutral; Ac: acidic.
b In bracket: sediment depth in cm.
c X: data from own investigations; [1]: Langner (2001), [2]: Kleeberg and Gru¨neberg (2005), [3]: Hupfer et al. (1998), [4]: Lewandowski et al. (2002), [5]: Hupfer et al.
(2000), [6]: Hupfer (2001), [7]: Hupfer and Schneider (2001).
Table 5
Sedimentary concentrations of TP, Fe, Mn, in sediment cores from different sampling sites in August 2003.
Depth (cm) TP (mmol/g) Fe (mmol/g) Mn (mmol/g) Ca (mmol/g) Mg (mmol/g)
M3 N3 D5 M3 N3 D5 M3 N3 D5 M3 N3 D5 M3 N3 D5
1 51.5 – 52.6 1.06 – 1.06 186 2.9 106 0.134 0.0047 0.146 0.214 0.094 0.263
2 38.4 – 59.1 1.57 3.52 1.00 38.5 2.8 41.1 0.099 0.0041 0.141 0.22 0.114 0.29
3 54.9 – 30.5 1.79 2.18 0.82 9.5 3.6 10.0 0.085 0.012 0.123 0.14 0.228 0.304
4 81.6 44.9 30.1 2.41 3.70 0.83 9.0 2.7 9.8 0.073 0.0035 0.143 0.132 0.093 0.288
5 48.3 30.4 29.6 1.89 3.43 0.83 5.8 2.9 9.8 0.055 0.012 0.137 0.159 0.111 0.268
7 41.3 32.1 28.1 3.63 3.04 0.78 4.5 1.7 9.9 0.041 0.0064 0.141 0.107 0.116 0.253
9 14.6 33.4 29.2 2.91 3.13 0.81 3.8 1.6 10.0 0.052 0.0064 0.144 0.136 0.107 0.265
11 12.0 36.0 29.5 4.14 3.25 0.89 3.0 1.5 10.3 0.053 0.005 0.148 0.091 0.1 0.293
13 7.0 31.6 25.9 3.54 3.34 0.87 2.4 1.5 10.0 0.065 0.0057 0.145 0.091 0.104 0.281
15 13.2 25.5 29.9 2.46 3.30 0.84 1.6 1.5 9.3 0.054 0.0057 0.139 0.115 0.095 0.274
17 10.5 30.3 26.3 1.37 3.91 0.81 1.3 1.5 9.2 0.076 0.006 0.15 0.122 0.106 0.252
19 29.6 26.2 3.73 0.82 1.4 8.9 0.002 0.141 0.096 0.254
P. Herzsprung et al. / Limnologica 40 (2010) 182–190 187etc. (Gru¨tzmacher et al., 2001; Eissmann, 2002a, b; Wycisk et al.,
2005). The common inhomogeneity of sedimentary geological
strata like the aquifers and aquitards in the vicinty of Lake
Goitsche also has to be considered. This inhomogeneity is
conﬁrmed by the variability of the groundwater composition
around Lake Goitsche as documented by Trettin et al. (2007).
Consequently, the conditions at the three sampling sites differ
not only with respect to the thickness of the ﬂood-borne sediment
layer and the redox potential at the sediment–lake water interface
but also with respect to the ﬂow direction of the water exchange
between lake water and sediment. However, the biogeochemical
mobilisation processes in the sediment appear similar, at least for
the sites M3 and D5/6.4.2. Evaluation of the molar Fe:SRP ratios in pore waters
The molar Fe:SRP ratios of pore water concentrations in Lake
Goitsche before the ﬂood were in the same order of magnitude as
found in other acidiﬁed pit lakes. Table 4 shows that extremely highFe:SRP ratios are typical in pore waters of lakes that have been
inﬂuenced by pyrite weathering. Lake 117, Lake 112, Lake 111, and
Lake 107 are highly acidic mine pit lakes located in Lower Lusatia
(Brandenburg, Germany). Both sub-basins Niemegk and Muehlbeck
were acidic before regular ﬁlling. Sub-basin Doebern was neutral
before ﬁlling. However, its sediment clearly showed the inﬂuence of
pyrite weathering. The content of Fe in sediment was more than
3.5 mmol/g dry weight in 1997 (Langner, 2001). As calculated in
Table 3 pore water had an excess of acidity in N3 sediments and
deeper layers of M3 and D6 sediments. Only the new deposited
sediment in sub-basin Doebern (D5) showed lower acidity
(at 11–13 cm sediment depth) in pore water compared to all other
samples. The reason for the lower acidity might be the induced
import of buffering sediment material (carbonates) from ﬂood, which
is exclusively of allochtonous origin and without any impact of lignite
mining. This can be conﬁrmed by the elevated particulate Ca and Mg
concentrations of the solid phase in sub-basin Doebern sediments
compared to the other sampling sites (Table 5).
After the ﬂood, the molar Fe:SRP ratios at sampling site M3 and
site N3 of Lake Goitsche remained nearly unchanged. The molar
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rather small. The detected minimum Fe:SRP levels (Table 4)
reached the order of magnitude found in oligotrophic or
mesotrophic natural lakes. High Fe:SRP values (41000) seem to
be typical for acidic pit lakes or former acidic pit lakes like Lake
Goitsche as shown in Table 4. In natural lakes such high Fe:SRP
values were not found. Lake Golpa IV was the only reported pit
lake having Fe:SRP ratios in its sediment pore water comparable
to ratios of eutrophic natural lakes. This lake served as a short-
term storage of cooling water for a power plant. The water in Lake
Golpa IV was replaced several times a year with water from River
Mulde over many years. The river water had SRP concentrations in
the range of 2.1–12.9 mmol/L (Hupfer et al., 1998). This history
and P load is completely different from the situation in Lake
Goitsche and not representative for pit lakes whereas the
conditions of Lake Goitsche can be considered to be typical for
pit lakes.
The high Fe:SRP values of the pit Lake Goitsche (before and
after the ﬂood event) agree well with the low P remobilisation
tendency, which was supported by pore water proﬁles.
4.3. The role of Fe in P-adsorption at the interface of the anaerobic
zone and aerobic zone
The interface of the anaerobic zone and aerobic zone can be
located at the sediment–water interface of sub-basins Muehlbeck,
Doebern, and Niemegk and near the monimolimnion mixolimnion
boundary of a small part of sub-basin Niemegk at site N3. At this
interface, forming Fe oxides serve as adsorbing surfaces for P and
stop it from being carried into the overlying water (Steinberg,
2003). The capacity of this P sink depends on the stoichiometric
Fe:SRP ratio in the dissolved phase of the anaerobic zone (Baccini,
1984). Additionally, the dissolved Fe:SRP ratio in pore waters is
reported to act as an indicator of P release to overlying oxic water
(Lehtoranta and Heiskanen, 2003).
The predominant Fe:P surface complexation ratio of Fe(OOH)
is suggested to be 2 mol:1 mol (corresponding to a mass ratio of
3.6). If the Fe:SRP ratio is lower than 2 in pore water or near
bottom water, the recently formed Fe(OOH) at the oxic sediment
surface does not sufﬁce to bind all the diffusing SRP. Thus SRP is
released into overlying lake water (Ga¨chter and Mu¨ller, 2003). All
calculated Fe:SRP ratios of sediment pore water of Lake Goitsche
were above the necessary minimum of 2, which is required to
ensure the co-precipitation of P with Fe after pore water comes
into contact with oxygenated lake water or any other oxidising
agent, e.g. nitrate.
4.4. The role of Mn in P cycling
Allochthonous Mn (III, IV) is reduced in sediments under
anoxic conditions either by organic carbon or ferrous iron (Fe2+)
or sulphide (Davison, 1993). If Fe2+ acts as reducing agent,
ferrihydrite or other ferric iron mineral phases are precipitated
and Mn ions are released into pore water. Mn can diffuse to the
top of the sediment where it is re-oxidised and precipitated under
oxic conditions. Thus, Mn operates as electron shuttle from Fe2+
about 3 cm below the sediment surface to oxygen in bottom
water (Davison, 1993). By this process Mn is enriched within the
uppermost sediment layers. The portion of Mn oxides, which is
not rapidly reduced at the sediment surface is buried in the
uppermost sediment layers. Coming in contact with Fe2+ under
anoxic conditions, Mn is released again into pore water. By this
Mn cycling, Fe precipitation and P immobilisation is enhanced due
to redox coupling of Fe oxidation and Mn reduction (Hongve,
1997). The precipitated Mn in the upper sediment layer mayadsorb P as an additional option for P retention in the sediment
(Christensen et al., 1997).
The pore water proﬁles at sites M3 and D5 suggest an upward
Mn ﬂux to the bottom water caused by diffusion. At the
sediment–water interface manganous ion concentration is small.
Results from analysis of element concentrations in sediment
material conﬁrm the supposed diffusive transport of Mn to the
sediment surface layers. Indeed, Mn was found to be enriched by a
considerable factor (D5:410-fold; M3:440-fold; Table 5) within
the uppermost cm of D5, and M3 sediment. The low pore water
concentrations of SRP and Fe within the uppermost sediment
layers also conﬁrm that the hypothesis is reliable that P is co-
precipitated with Fe, which was oxidised by Mn(III) and/or
Mn(IV).
In N3 pore water, the concentration gradients of Mn were
smaller than in D5 and M3 pore water. The solid phase
concentration of Mn in the uppermost sediment layers was
smaller compared to D5 and M3 sediments. The bottom water of
site N3 is anoxic. Solid Mn (III, IV) can be reduced and dissolved
already during precipitation within the monimolimnion. How-
ever, the oxicline at the interface anoxic monimolimnion/oxic
mixolimnion is very similar to the upper layers of the sediment at
the other sampling sites: reduced Fe and Mn diffuse into the
mixolimnion, become oxidised and precipitated, and ﬁnally they
settle back into the monimolimnion. During precipitation, they
adsorb P preventing a P-transport into the mixolimnion.4.5. P and Fe cycling in Lake Goitsche
The low concentration of TP in pelagic water did only change
temporary after the ﬂood event. P remains buried in the sediment.
As shown by pore water proﬁles, SRP is not released into lake
water. However, SRP and Fe were released into pore water
potentially by either reduction of ferric minerals or by miner-
alisation of organic P and precipitated potentially by oxidation of
Fe2+ near the sediment–water interface. This process is addition-
ally conﬁrmed by the observation sedimentary P and Fe to be
accumulated in the uppermost sediment layers of sub-basin
Doebern after the ﬂood event.
The relative amount of Fe accumulation is small compared to
Mn accumulation. This is because of the higher level of redox
potential of Mn(III) and Mn(IV) reduction compared to Fe(III)
reduction. However, the absolute amount of dissolved Fe in pore
water and sedimentary Fe in sediments exceeds dissolved and
sedimentary Mn by at least one order of magnitude. Thus, Fe is
the most important redox active binding partner of P. Both in pore
water and in solid material, the molar concentration of Fe exceeds
that of P. Under this condition exclusively SO4
2 reduction and
generating of FeS would initialise P release and lake eutrophica-
tion. However, reoxidation of sulphide or pyrite would be
thermodynamically favoured in Lake Goitsche sediments, which
contain amorphous ferric minerals arising continuously by Fe
redox cycling.
Compared to natural lakes, extremely high SO4
2 concentra-
tions occur in Lake Goitsche pore water typical for lakes which
have received acid mine drainage in their history. In natural lakes,
pore water SO4
2 is often depleted by SO4
2 reduction. Unlike
natural lakes, SO4
2 pore water concentrations increase with
sediment depth in former acidiﬁed pit lakes. There exist two
possibilities for the supply of SO4
2 in pore water. SO4
2 may either
originate from groundwater inﬂow supplied by leaching of dumps
or may originate from schwertmannite or jarosite dissolution
(Herzsprung et al., 2002; Blodau, 2005; Trettin et al., 2007). Even
in the newly deposited sediment of sub-basin Doebern, increasing
SO4
2 concentrations towards deeper sediment layers were
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formation of Schwertmannite (and jarosite) are no longer given
after Lake Goitsche neutralisation, these minerals can be assumed
of an intermediate state whose relevance is temporally limited.
Pit lakes like Lake Goitsche are an excellent example for aquatic
systems, where high supply of organic material and sulphate do
not necessarily cause P release into lake water via Fe and sulphate
reduction and formation of FeS. As discussed by Golterman (2001)
P release from Fe(OOH)EP would only occur if more than 75% of
the Fe(OOH) was converted into FeS.
A considerable pool of organic carbon exists in the sediment
(in the range between 2.1 and 7.9 mmol/g) to be theoretically able
to reduce more of the sedimentary Fe and Mn and parts of the
pore water SO4
2. However, biogeochemical oxidation of sedi-
mentary organic carbon and dissolved organic carbon is kineti-
cally limited and all processes of reoxidation (of Fe2+, Mn2+, and
sulphides) at the oxic/anoxic boundary have to be considered.
Usually only a part of organic matter is biogeochemically
available, depending on the degree of humiﬁcation (Senesi and
Plaza, 2007). If there is an excess of Fe(OOH) a small change of
sedimentary ferric iron by reduction with organic carbon will
have no great inﬂuence on P release (Golterman, 2001). The
complex Fe(OOH)–P is thermodynamically more stable than the
(excess of) free Fe(OOH) (Golterman, 2001).4.6. Risk of eutrophication in Lake Goitsche
During the regular ﬁlling, river water and the ﬂood in 2002
have been the major sources of P in Lake Goitsche. Smaller
contributions have come from precipitation (rain, dust, snow),
local runoff, erosion, decay of terrestrial vegetation (grass and
trees growing in the former mining void before ﬁlling) and
groundwater. The previously minor sources continue to act
beyond the end of the ﬁlling period of the void. In addition, a
small outﬂow of the new, neighbouring Lake Seelhausener See
was connected to Lake Goitsche (Fig. 1). In future, new pit lakes
southwest to Lake Goitsche (Fig. 1) will also have an overﬂow into
Lake Goitsche. Additional P will be contributed by public use of
the lake, e.g. as a sports and swimming location.
Major sinks of P in the past were the co-precipitation with Fe
and Al during neutralization and also to Fe after neutralization
(Duffek and Langner, 2002). Sedimentation and burial of dead
biomass also contributed to the removal. Still available Fe may
result from groundwater inﬂow into the lake and from release of
Fe from sediment. The described formation of an oxidised barrier
(Steinberg, 2003) in the upper sediment by cycling of Mn and Fe is
obviously an important factor for preventing P from being
released from the sediment into the lake water. There has been
no recent evidence for a relevant level of SO4
2 reduction that
would remove Fe from the water by forming Fe sulphides.
However, such a development cannot be completely excluded in
future.
Kleeberg and Gru¨neberg (2005) discussed the potential
development of pit lakes with respect to P cycling and
eutrophication. Although they did not include the coupled cycling
of Mn and Fe, our ﬁndings and the discussion above conﬁrm their
conclusions. A clear tendency with respect to eutrophication
cannot be deduced due to the counteracting mechanisms. As long
as the use and management of the pit lake prevents an overload
with P as reported by Axler et al. (1998) and Hupfer et al. (1998),
the risk of eutrophication is apparently small. Consequently, the
sedimentary P of Lake Goitsche originating from regular ﬁlling
and the ﬂood has recently not to be considered as a source for
eutrophication.References
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